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ABSTRACT

lavestigation of the high rate discharge performance of Niss2 indicated that
rate capability was strongly influenced by the viscusity of the cell electrolytc.
Stable discharges atup to 6 mA/cm2 (equivalent to the 5-hr rate for an electrode
of typical thickness} were obtained from Teflon-bonded <lectrodes in a tetrahydro-
furan/LiClO 4 electroiyte, Coulombic efficiencies on the order of 50% of theoretical
could be obtained at 3 mA/c mz. Previous results with propylene carbonate and
butyrolactone solutions indicated rate limitations in the vicinity of 0.5 to 1 mA/ cmz.

Study of the Ni 382 oxidation prccedure indicated that the optimum ternpera-
tur> for the production of thc high voltage material was 325°C. X-ray diffraction
analysis of the oxidized Niss2 indicated the presencc of the relatively sulfur rich
nickel sulfides: Ni'ESG and NiSl.CQ' These materials possess higher theorctical
energy densities than Ni352‘ This advantagc is compromised by the difficulty of
obtaining high coulombic efficiencies from insulating matcrials. Oxidation of N1382
at temperatures above 400°C results in the formation of NiO.

A brief study of the discharge properties of metallic oxides, carbonates, and
cyanides in propylene carbonate/LiClO 4 clectrolyte indicated that although several
of these materials exhibited acceptable discharge and voltage efficiencies, none

were of sufficient interest to justify further development.
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1. SUMMARY

The work dcscribed in this final report represents a dcvelopment program
designed to improve the performance of the lithium-~nickel sulfide battery system at
high rates and/or at low teinperarures. Preliminary = . Yes first established the
stability of the nickel sulfide material in a tetrahydrofuran ( THF) /LiClO 4
electrolyte. The relatively low viscosity of this solution makes it a logical alterna-
tive to the previously uscd propylene carbonate (PC) and butyrolactone (BL} solu-
ticns, During this initial program phase, THF purification methods were developed
{ distillation, lithium prc-treatment, and electrochemical water remcval) in order
to insure stability of thec electrolytc solurion in the cell environment.

Initial testing of Ni382 electrodes in a THF/1 M LiClO 4 electrolyte indicated
that the principzl rate limitation lay within the positivc electrode. At 3 mA/cm2
{ equivalent to a 10-hr discharge for a N1332 electrode of typical thickness), stablc
discharges were obtained at ~1.2 V. Positive utilizatior was a strong function of
electrode porosity ranging from 90% for clcctrodcs pressed at 1.6 tons/ in.2 o 50%
for denser elccirodes pressed at 4 tons/in.z. Theze results represcnt a subsrantial
improvement over those that had been obtained with PC or BL clectrolytes. In the
particular case of butyrolactonc, piactical utilizations were obtainablc only at ratcs
limited to 0.5 to 1 mA/cmZ.

Teflon-bonded nickel sulfide electrodes wcre then prepared in an effort to
increase c¢lectrode porosity and surfacc area without sacrificing the structural
integrity of the elcctrode. These studies showed a further improvement in perform-
ance. For an electrode containing 30% Teflon and sintered for 30 min at 280°C,
stable discharges were obtained at rates up to 6 mA/cmz. Further studies showed
that decreases in Teflon content to the 10% level could be made without significant
sacrifice in rate capability,

Thesc studies on electrodc structure were supplemcnted by an investigation

of the Ni:),S2 oxidation process. This procedure, in which Ni35 is heated in air in

2




the vicinity of 350°C, w:s found to produce a material discharging at a ccll voltage
300 to 400 mV higher than that obtained from pure Ni 352. X-ray diffraction analysis
showed that the oxidation produces significant quantities of the sulfur rich nickel
sulfides: NiSl'09 and Ni’lsf;" At 325°C (the optimum temperature), the coulombic
capacity of the high voltage: material represented ~40% of the useful capacity of the
clectrodc. Attempts to increase this fraction by raising the temperature resulted

in the degeneration of the electrode structure and the production of NiO.

In an attempt to develop alternative cathode material with intrinsically high-
€r rate capabilities, a screening program was performed on metallic oxides,
carbonates, and cyanides, In half-cell testing, the oxides and carbonates exhibited
high polarizations from the thermodynamic values of the cell potential. In spite of
3 CoCOs, and
hislc cupric carbonave) discharged with acceptable coulombic utilizations in PC/
La1Clo,.

4
In the case of the cyanides, CuCN and AgCN werz found to discharge with

this fact, several of the transition metal materials (CuQ, NiO, NiCO

utilizations greater than 50% at voltages within 700 mV of their thermodynamic
valucs. Full-cell testing of these materials indicated that their solubility properties
were apparently analogous ‘o those of the complexation phenomena exhibited by the
transition metal chlorides. In view of the lower theoretical =nergy densities inher-
ent in the cyanides, further development work on these materials is not recom-

mended.



1. INTRCDUCTION

Several organic electrolyte-lithium batteries have been developed to the
state where energy densities approximating 100 Whr/1b have been demonstrated with
fully-packaged prototypes. A few have also demonstrated reasonable shelf life. The
lithium-nickel sulfide system falls into this category,

The next general goal to be reached is the realization of this attractive
energy density at high rates and at low temperatures. At the present state of the
art, "high rates" are defined as compleie cell discharges in 10 hr or less {equiva-
lent to 3 mA/cm2 for positives of typical thickness); low temperatures are =-20°F.

Previous experience with the lithium-nickel sulfide battery has implied that
the Ahr capacity at high rates was, in part, limnited by a mass transport process
within the electrolyte. The major limitationz on cell voltage have been: (a) the
thermodynamics of the cell reaction, and (b) the polarization at the positive. Again,
prior experience has indicated that the cell voltage can be increased by chemical
pretreatment of the nickel sulfide, i.e., by altering the chemical composition of the
positive, Therefore, the initial approach to improving battery performance was:

1. Develop less viscous electrolytes capable of sustaining higher

current densities,
2. Optimize the structure of the positive plate,

3. Evaluate improvements in capacity and potential of the positive

via prior controlled oxidation,




IlI. ELLECTROLYTE STUDIES

The Li/N1332 couple is unique among practical non-agueous battery systems
in that the extremely low solubility of the positive material avoids many of the
solvernt-electrode interactions which compromise the usefulness of alternative
systems with higher available energy densities. For many applications, however,
high energy density and long sheif life niust be complemented by attractive perform-
ance at relatively high rates (e.g., a complete discharge in 10 hr or less}. Accord-
ingly, an experimental program, designed to elucidate the rate limiting process for
the cathodic discharge of Ni 352 and tc optimize both the electrode structure and the
electrolyte system for high rate performance, was performed. As described below,
the program first considered the solubility and stability of Ni3S2 ( and oxidized
Ni352) in several electrolyte solvents of relatively low viscosity, This phase was
follewed by the development of high rate electrode structures using a THF/LiClO

4
electrolyte.

A. Solubility Measurenicuts

A colorimetric method for nickel was adopted from "Standurd Methods for
the Examinaticn of Warter and Waste Water " The analysis is based on the formation
of a soluble volored complex hetween nickel and dimethylglyoxime inthepresence of
bromine. The calibration curve was formed from standard solutions of nickel sul -
fate in water. It was shown that the presence of 5 ml of THF, DME (dimethoxye-
thane), or pyridine in the initial sample aliquot did not alter the calibration curve,
The absorbance readings (measured at 445 pm) were taken on a Bausch and Lomb
Spectronic 20. Since the first instrumental scale reading is 0.01 absorbance, values
helow this are to be regarded as semi-quantitative. Sample blanks, e.g., THF not
exposed to NiS,, were non-detcetable ( 0.000).

The calibration data are summarized in Table I. When ploited out, the data

yield a straight line passing through the origin.

Preceding page blank




Table 1, Nickel Analysis Calibration

Concentration of Nickel,

mg/100 ml Absorbance
0.05 0.135
0.10 0.270
0.15 0.4C5
0.20 0.530
0.25 0.630

FPor cach of the solubility determinations, solvent (or solvent + electrolyte)
was added to excess NiSSZ' The mixmure was then stirred for a mimmmum of 24 hr,
After allowing the solid phase to settle out, the supernate was decanted and centrif-
fuged. Livuid for analvsis was withdrawn via a long, narrow-tip eve dropper while
illuminating the sample tuhe with & high intensity lamp. This procedure was followed
in order to avoid the presence of particulate Ni352 in the test liquid.

Results are summazrized in Table 11 for Ni 82 prepared in the normal fashion.

3

In Table 1II are solubilitics for Ni382 subjected to air oxidation at 3256°C,

The soluhilities of Nias2 in ithe pure solvents and in the Tl}l"/LiCIO4 solution
are all sufficiently low. For comparison, the solubility of Ag,O in KOH is of the
order of 5 X 107 % M. The relatively high value for she })ME/L;CIOé solution is
somewhat surprising. In view of the low value fouru for the solvent itself, specific
Ni++- DME complexation would not be anticipated. Crysullization of 1M LiClO4 in
DME was often found as the sample was withdrawn for analysis, thus raisiug the
possibility of Ni 382 entrainment in a viscous solution, This solubility question must
be explorad further before BMIE ean be recommended for use with this battery
system.

Comparing Table Til with Table 11 indicates that the "oxidized NigSg, " as
prepared, is somewhat lese soluble than nonoxidized nickcel sulfide. The chemistry
of Lo oxidation step is described in Section 1V,

The increasc in soluhility via the addition ol lithium sale o the solvent niay

be read, reflecting & reactien of the following type:

Ni,,Sz +4LiCI0, — 2Li,5 +2Ni(C1O + Ni (1)

4 2 4) 2
More likely, trace warer carried with the salt (and not removed by the molecular

. . y . j -4
sicves) may solubilize the salr, Fer example, 2 ppm residual water is 1007 mol/¢,

substantially greater than a number of the solubilities ¢bserved.,




Soiurion

THF

DME

Pyridine

THF +LiCIO4( {N)

DME + LiClO4( IN)

PC + LiClO4( IN)

Table II. Solubility of Ni

Absorbangg

0.001
0.002

0.008
0.002
0.007
G.003
0.007

0.028
0.040
0.027

0.019 )
C.026 |
0.058
6,047 ‘
0.042

0.108
0.182
0.18%

0.017

39

Concerntration cf Ni
F"‘

++

s P
g/1 mol /¢

~3X107°  ~1.29 x 1076
228>107°  3.87x10°8
143 x10°°  25.8 x10°°
220 x10°° 22 %10 ®
{avcrage) {average)
601 x10™° 118 x19° 6
63 x 10°° 12 <166




Table III. Solubility of Ni382 { Oxidized)

Soluticn

THF
DME

Pyridine

THF + LiClG,({ IN)

4l

DME + LiCIO, (1N)

PC + LiC104( IN)

Absorbance

0.004
0.008

0.008
0.002

0.C19
0.009
0.01%

0.002
0.G:)0
0.001
0.005
0.005

0.1€6
0.268
0.238
0.530
0.530

0.005

Courncentration of NiH
———

g/ mol/§

<ia X100  <2.6x10°
<28x10°  <5x10°3
70 x 10°° 13 %1078
10.4x10°°  1.95 x10°°
(average) (average)
1338 x10°° 248 x10°°
(average) {average)
22 x 1070 3.2 x10° 0
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A bricf study was made of the solubility of Niss - in water. N1352 was equili-

brated with water and aliquots removed for analysis; these arc the values listed in
Table 1V for *unwashed™ nickel suifide. For the "wasied® amples, the Ni382 was
first placcd in a Buchner funnel, rinsed with 500 nu of water, and f'nally cxtracted
with 10cc for analysis. The rationale behind this latter sequence was 10 wash out
anreacted nickel sulfate aud end up vith a true evaluation of material solubility.
Table 1V. Solubility of Ni;asz in Warer
(N'1382 Batch No, AS-1)

Absorbance
B i
Unwashed Washed
Sample 1 0.265 0.004
Samnle 2 0.285 0.068

Obviously, there is a decrease in apparent solubility via washing the
sample, It should also be ncted that the concentration of water-extractable nickel
varie! with the preparation. or example, the "unwashed” values of absorbance for
batch No. 557-45 was 0.77, To pursue this matter further, a sample of batch AS-1
was placed in a Soxhlet extractor operated for 3 days. The extracted nickel sulfide
gave an apparent nickel ion solubility of 7.3 x 10-4, which is higher than anticipated
for a transition metal sulfide.

Two additional facts must also be explained: (1) the addition of water to
Niss2 gencrates the odor of HZS’ and (2) the Soxhlet extract contains significant
quantitics of nickel hydroxide. 1t would appear that nickel sulfide, as prepared, is
somewhat unstable in the presence of water. ‘The detailed resolution of thig point is
considered to be beyond the scope of this program. 1t is sufficient 10 have shown
that:

1. The solubility of reduced ard "oxidized" nickel suifide, as
prepared, is sufficiently low in THT for use of this solvent in battery development.

2. The solubility of Nig$, in pyridine may be too high (2.3 x10™°

for practical application; the benefits of a preliminary extraction have not been

M)

evaluated.




3. The presence of water will increasc the solubility of as-preparcd
nickel sulfide,

4. It appears that some nickel-containing compound in the nickei
sulfide product is more soluble in water than the major component, but not soluble
in THF.

The most obvious compound explaining item (4} is unreduced nickel sulfatc.
Dried NiSO 4 Was, therefore, cquilibrated with THF and PC., The solubilities are
listed in Table V,

Table V. Solubility of NiSO 4

Solution Absorbance

THF 0.000

0.001
0.005
1 0.001

1 PC 0.001

Essentially, then, the solubility of NiSO 4 in THF and PC is at the limit-of-
detection of the analytical method.

This result suggests a battery based on the cell reaction:

2Li +NiSO4 = Li2504 + Ni (2)

The standard-free encrgy change for the above reaction is -131 kcal/mole, giving a
cell voltage of 2.87V. Thecell's theoretical energy density is 491 Whr/1lb, based on
an equivalent weight of 84 for the reactant. The discharge efficiency and polarization

of NiSO 4 in aprotic solvents remains to be determined, however.

B, Preliminary Experiments Using Tetrathydrofuran-Based Electrolytes

b 1. Performance Capability

Thc half cell reactions for the Li/N1352 system are:

Li - Lit +¢ (3)
and, presumably:

NigS, +4Lit +4¢” = 2Li.S +Ni (4)

2
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As far as thc electrolyte is concerned, Li+ is injected at the negative, transported (o
the positive and removed from solution. The current delivered by the cell to the
external circuit must also be carried across the electrolyte space. Eq. (5) de-
scrives the maximum current density which can be carried by a binary electrolyte
considering only migration and diffusion:

nEDZ.C 4

. 1 1
i r——— {14+
a1 E Zg
where
Z. and Z, = transference number for Li+ and ClO 4', (5)
réspectivély,

6 2 .
cm“/sec and an electrode separation of

L for 1M LiClC)4 in THF calculates as 10 rnA/cmz.

An experimental estimate of i

Using a diffusion coefficient of 5 X 10°
0.1cm, i

L in THF was attempted by using the reaction:

Lit + ¢ - Li

to simulate the removal of lithium ion at the nickel sulfide positive. In the case of
the anodic section, the usc of a siooth clectrode of relatively high capacity simpli-
fies data interpretation by isolating the process of ion transport across the clectro-
lyte space from transport processes within a porc structure. A major complicating
fecature is the dimensional and surface change resulting frem lithium deposition at
thc cathode.

In order to separatc these effects, the first experiments were designed to
establish the level of polarization associated with thesc separate anodic and cathodic
processes. The measurements were performed in a conventional three-compartment
cell using a 1-cm squarc of lithium foil as the working elecirodc. Potentials versus
a lithium referencc clectrode were recorded using a Luggin capillary placed adjacent
to thc working electrode, The ovecrpotentials, taken after a minimum of 10 min at
cach current density, are shown in Table V1.

Neither Tafel nor linear behavior is observed over the c.d. range studied,
Nevertheless, it is apparent that the polarizations associated with the lithium anode
and cathode are small up to 10 mA/cnlz. The relatively low rate of increase in the
overpotential associated with the cathodic rcaction is most likely related to the
greatly incrcased surface area rcsulting from the deposition of significant amounts

of dendritic lithium as the expcriment progrcssed.

11
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Table V1. Potential-Current Dependence
(IM LiClO, in THF)

Current Density Poteatial, mV
mA/cm? versus Li/Lit

Anodic Li —~Lit+¢

0.01 1.2
0.10 10.0
1.00 58.0
2.00 7.0
4.00 94.0
10.00 150.0

Cathodic Li+ +¢ —Li




I

T P e = T W T T TRy R T O T T Ty T

To look at clectrolytec moss transport cffcets  in a practical battery configu-

ration, the following cecll was assembled:

Li/I..iClO4 (1M} THF/Li

A 9-cm X 5-cm Li ribbon was folded in half around a Li plate 4 cm X 5 cm, wrapped

with a single layer of non-woven polypropylene mat. The cell was then sealed in a
plastic bag. The data shown in Table VII was taken after 15 min at each current

density.

Table VII. Performance of Li/Li Cell

(1M L.iclo4 in THF)
Current Density,
i mA/cm? Potential, mV
0.05 15
0.5 37
1.0 35
2.0 40
5.0 62
7.5 80
10,0 98
12.5 114

There are some obvious inconsistencies between the data in Table Vil and
Table V1; much of this inconsistency is probably experimental artifact. Neverthe-
less, it can be concluded from thesc results that the electrolyte is capable of
carrying significant current densities at low polarizations.
‘ Based on these encouraging rcsults, two similar polycthylene bag cells were
; sct up with Ni3S2 5% Al positives on the centcr clectrodes (16 cmz/sidc). After
saturation witii 1M LiClO4/T1-lF, cach cell was discharged at 3mA/cm2 until the
cell voltage dropped telow 1.8V, This last procedure clirninates most of the resid-
ual water and other electropactive impurities, The test results, shown in Table VI,
also include the time for which the cclls were kept at the specific current density.
The total capacity delivered by cell 2 was 0.36 Ahr; the total available was
1.62 Ahr. Since only 22% of the available capacity was used in this test, these
results are best considered as reprcsenting the initiat capabilities of the cell, i.c.,

before substantial discharge-induced variations occur within the clectrode structure,
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Table VIll. Preliminary Performance Data of Li/ Ni3$2 Cells
inalM LiClO4/THF

Cell 1 Cell 2
Current Current
Density_ Time, Cell Density Time, Cell
mA/cm* min Voltage mA/cm?2 min Voltage
0.5 15 1.37 0.5 15 1.38
1.0 15 1,35 1.0 17 1.37
2,0 20 1,33 2.0 15 1.32
4.0 15 1.23 4,0 15 1.23
5.0 = = 5.0 70 1.16
3.0 - . 6.0 42 1,14
10.0 12 <0.60

Compared in Takle 1X are the overpotentials for the Li/Li and Li/]Nigs2 cclls.
Because of the uncertainty in the ]Ni352 half cell potential, the cell voltages at
0.5 mA/cm2 were taken as the reference potentials. Although this detracts from the
rigor of the discussion, it does provide a comparison of the initial cell polariza-
tions due to the electrolyte-spacer (in the Li/Li cell} and due to the electrolyte-

spacer plus pore structure (Li/Ni3$2 cell).

Table 1X, Cell Overpotentials, mV

Current Delksity,

mA/cm Li/Li Li/ N1382
1 0.00 10
2 5.0 60
4 = 150
5 27.0 220
10 63.0 >1000

The most obvious conclusion from these data is that most of the cell polari-
zation is associated with the positive electrode rather than either the electrolyte, the
separator, or the negative. The higher polarizations observed at ihe posi..ve elec-
trode can arise from several factors: (a) an inherently low exchange current for

Nias2 reductions, (b) a reflection of poor mass transport within the cle¢trode pore

structure, and {c) passivation of internal and/or external surface area with a film




of LiZS. Obviously, items (b) and (c¢) are highly dependent on the electrode struc-
ture, These interrelationships between structure, clectrolyte, and perforinance are
considcred in detail in Part C, which follows. Measurement of the exchange current
requires an electrode of well -defined surface area and composition, Although
electrochemical measurements were not made, pure Ni3S2 material (in ingot form)
waa prepared via direct fusion of the elements. This proportion and a description

of the material is g:ven in Appendix 1.

2. Electrolyte Purification

During these early experiments, occasional anomalies in the dis-
chargc behavior of the Ni 382 appearcd. These deviatiens, which were associated
with specific batches of THF, were of the form shown in Fig, 1. As can be seen,
osciliations in cell voltage (e.g., +0.2V at 0.3 cycles/min) appeared during an other-
wise normal discharge. These episodes (whose initiation time varied from cell to
cell) were followed by a gradual voltage decay to 0V,

In order to clarify this failure mechanism, two cells were discharged at
2 mA/cmz. One cell oscillated and delivered 39% of capacity tc 0V. The second
cell, which did not oscillate, delivered 44% of capacity. The pusitive electrodcs
were then removed and assembled into new cells (new separator and lithium elec-
trodes). An additional 40% capacity (to 0V) was achieved with each cell, This fact
strongly suggests that the failure mode was not associated with the Ni 382 positive,

In order to test the negative, a cell was operated until the oscilladons and
voltagc falloff occurred. A coulombic utilization of 40% was obtained to a 1V end-
point. The separator and electrolyte wcre replaced and the cell reassembled. A
current density of 3 mA/cm2 could not he sustained. When the lithium electrode was
replaced, however, an additional 20% capacity was achieved at 3 mA/cmz.

That lithium can react chemically with the THF -LiCl10 4 solution used in these
cells was confirmed by the following experiment, A threc-compartment cell was
constructed with a lithium foil anode (1 sz) as the test electrode, a lithium
counter, and a lithium referencc clcctrode. A Luggin capillary was placed at the
rear of thc anode; the electrolytc was untreated THF-LiCl1O e Anode polarization

as a function of current density is shown in Table X,
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Table X. Lithium Anode Polarization

{Untreated THF—LiClO4)
Current Density, Cumulative Potential Change,

mA/cm | Time, min mV

0.2 125 2.5

0.5 145 7

1 160 12

2 175 16

3 190 19

3 240 21

3 300 23

3 480 25

3 600 ‘ 29

3 720 36

3 840 43

3 960 51

3 1080 84

3 1200 1000

* Coulombic Utilization 27%
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After an initial 180 min, a black film was observed to form on the edges of the
lithium anode. By 240 min, the entire face of the lithium anode towards the counter-
electrode had turned black. At this stage, only a small change in overvoltage was
noted, indicating, most likely, a porous film. As the discharge continued, high
polarizations were reached; the bottom of the electrode was very brittle and broke off
on agitating the solution.

Since lithium reacts with the electrolyte, pretreatment with lithium dispersio:
should remove the problem. A series of cells were run which differed in a number of
aspects, including pretreatment of the electrolytc. The end-of-discharge perform
ances are displayed in Table X1 according to this variable,

Table XI. Failure Mode Frequency Versus
Electrolyte Treatment

. Failure Mode

3 Item _of Cells Oscillation Abrupt* Gradual

3 — S R

A Dispersion treated 10 1 6 3
Untreated 1 9 6 2

* Cell failure by direct shorting due to migration of Ni:,’S2 particies through

the sepa_ates.

Thus, it seems that: (1) the oscillations are caused by an interaction of
lithium and an electrolyte impurity, and {2) this problern can be cured by treatment
of the electrolyte with lithium dispersion. This impurity appeared to be present in
electrolyte prepared from each cut taken in the particular distillation run. This is
shown in Table XII.

Table X1I. Failure Mode Versug Distillation Cut - Untreatid

Total No.
; Cut of Cclls Oscillations "Asrupt”
3 10 4 3
b 4 6 3 2
;\ 5 1 1 -
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In view of the simple treatment procedure, further investigation of this impu-
rity problem was not performed. It remains to be established, for example, whether
the contaminant is present in the salt or the solvent or whether the contaiminant is

generatcd on standing,

C. Positive Electrode Optimization

Definitive optimizztion of an electrode :‘ructure requires a relatively cxtcnsive
expcrimental program, The interrelationships beiween the structural variable (e.g.,
initial particlc sizc, compaction pressure, and/cr birders) and the microscopic and
macroscopic structure (e.g., porosity, surface area, and strength) are sufficiently
complex that for nractical purposes an empirical approach ro electrode optimization
pecowmes mandaiory. Thus, the following experimental program, designed w cxplore
the effects of changes in positive elcctrode construction variables on both coulombic
and voltage efficiency, was carricd out ina configuraticn approximauing a working
cell, The objective of thes» experimcents was to detcrmine to what extent the relative-
Iy high polarization observed for NigS, electrodes in Part b was associated with the
structure of the pesitive electrode.

The specific method of constructing the test cells was as follows: 3.3 g Ni352~
Al (5, 10, or 20%) was pressed on an aluminum grid at 4 to 15 tons to form a circular
electrode with a diameter of 1,75 in. Folded around this clectrode was a 4-in. X 2-in.
piece of lithium ribbon, The electrodes were separated by a layer of non-woven Pellon
polypropylene fabric. The cell assembly was then enclosed in a thin polyethylenc bag
with 1 M LiClO 4/THF. In “rder to similate the electrodc environment in a multiplate
stack, the cell package was inserted between two metal plates which were hand tight-
ened to maintain an cvenly distributed pressure on the ccll cicctrodes,

As a result of the high volatility of THF (h.p. 65°C), it became nccessary to
seal the bag cell o prevent drying out of the electrodes. Thus the top of me poly-
propylene bag was heat scaled over the grid tabs, An Al grid was used as a tab for the
Ni352 clectrode and a Ni grid was used as a tab for the Li. This partially cffcctive
mcthod was later improved by using self-sealing ( "zip-loc") bags.

To further reduce drying out of the cell by THF evaporation, the cntire ccll
assembly was put into an enclosed metal cyclinder containing an open beakcr of THF.

This caused the atmosphere around the cell to be saturated with THY and, as a result,

the loss rate of the THT from the hag cell was significandy reduced.

s e ity




In the presence of THF, a greasy film formed between the Ni grid tab and the
Li metal folded around it. This resulted in a loss of contact with the cell, ACu grid
rinsed in acetone was tried but also was unsuccessfil., The same results occurred
when aualligator clip (either Cu or Cd plated Stainless Steel) was attached to a Li tab
extending from the electrode outside the cell ( presumably because of the THF saturat-
ed atmosphere in the cylinder). This problem was finally solved by: (1) the use of a
long Li tab extending from the cell to cutside of the cylinder, and/or (2) the use of a
Ni grid rinsed in trichlc roethylene,

The next operational problem encountered was a brownish precipitate formed
after the electrolyte was added to the cell. Pressure caused the cell performance to
decay rapidly. The deposit was found to have been caused by a reacrion between Li
and LiClO 4 THF solution diied with molecular sieves, This drying procedure was
therefore replaced by the electrochemical water-reduction process developed pre-

viously for use with cyclic esters.

1. Preliminary results

Some test data were acquired while the above test procedure was being
evolved, These data are discussed below. The variables under concern were: (1) the
pressure applied to the disk, (2) the quantity of aluminum fiber, and (3) the quantity
of active material and hence the thickness of the electrode. Emphasis was placed on
the first two.

Shown in Fig. 2 is a potential-time curve for a cell operated under the following
conditions: currelt density 3 mA/cmz, 3.6 gof N'1352 plus aluminum (18%), and 10
tons formation pressure. In all tests, the electrolyte was standardized as 1 M LiCIO 4
in THF, Before recording the data in Fig. 2 the cell was discharged at 0.5 and 4.5
mA/cmz, each for 2 hr, to remove residual watzr, The difference in plateau voltage for
this ~ell and those moted in Table Vil is due to the longer time the cell of Fig. 2 was
first operated at 4,3 mA/cmz.

"This form of discharge curve is reasonably typical, including the rapid falloff
at the termination of the discharge. It is apparent from the shape of this discharge
curve that the effective coulombic efficiency could be sensitive to fluctuations in
operating potential, e.g., small spurious increases in internal resistance. For
example, at 1 V, a variation of 430 mV would alter the use efficiency by +3%; a vari-
ation of +160 mV would alter the efficiency by +25%.

The test of c¢ll periormance was taken as the percent net utilizationto a 1.0 V
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cutoff at a fixed current density, Much of this work was carried out at 3 mA/cm” anu

somc at 4,5 mA/cmz.

In Table X111 is summarized the coulombic cfficiencies as a function of positive
clectrode compaction pressurc,

Table X1Il. Effect of Compaction Pressure on Pcrformance

% Utilization,

Total Pressure at 3 mA/cm2
(tons) {thc 10-hr rate)
4 90
6 63
8 65
10 (Fig. 1) 50

Reducing the aluminum fiber content from 20% to 5% reduced ihe coulombic
efficicncy from 50% to 40% at 10 tons and from 65% to 50% at 8 tons. Increasing the
current density to 4,5 mA/cm2 at 10 tons (20% Al) dropped the use cfficicncy from
50% to 40%. These cftects are all in the direction anticipatcd.

For the purpose of comparison, identical expcriments wcre carried out with
butyrolactone as the electrolyte solvent, The ceil potential dropped below 1 V within
20 min at a curvent density of 2.0 mA/cmz. An electrode presscd at 10 tons gave 15%
utilizetion at 1.5 mA/cmz; an electrode pressed at 8 tons gave 41% utilization at the
same current density, It is thus apparent that the THF /LiCl10 4 clectrolyte represcnts
a substantial immprovement cver the electrolyte solution used 1n carlier work. Although
the ratc capabilities of the Ni:’s2 do not appear to be limited by the mass transport
capabilities cf the solvent (as was apparently the case for PC and BC sclutions), ccll
polarizations arc still relatively high, Further opcdmization of ratc capability was
attcrapted by altering the electrode's pore structurc in order to:  {a) providc as much
surfacc as possible, end (b) prevent pore blockage and occlusion of clectrode surface

by Lizs deposited during discharge,

2. Seructural modifications

The objective in this expcrimental arca was o increase both clectrode
surfacc area and porosity so as 1o ina¥imize the cffcctive NiSS2 surface. These
desirable features can be generated by reducing the cempaction pressurc used to form
the clectrode. Unfortunately, this approach has its limits since the physical coherence

of the electrode drops sharply as its gross poresity falls below 50%.



The classical approach to obtaining high porosities simultaneeusly with reason-
abic physical integrity is the addition of a bonding agent to the electrode mix. For use
with the cell system under consideration, the binder must be free of water and insolu-
ble in the clectrolyte. Teflon dispersion was studied, using the preparation techniques
developed previously for fuel cell eleccrodes.

A 0,75-in. X 0.75-in. X 0,005-1n. aluminum grid was coated on both sides with a
mix of 0.800 g Ni S, + 20% aluminum fiber plus 0.39 g Teflon. This 30% (by weight)
Teflon-bonded electrode was then sinterad under nitrogen at 280° for 1 hr., To in-
crease adherence of the active material, the electrode was then compressed by rolling
with a glass cylinder; pressing at 1, 000 1b was also effective, while pressing at
9,000 Ib resulted in an inoperative electrode. A rolled electrode was then discharged
ar 2,5 mA/cm 2. “The urilizarion was 58% to a 1 V cutoff; a plateau was observed at
1,22V,

Loadings were then varied from 10 to 30% Teflon; sintering times werc varied
from 20 min to 2 hr; elec'rodes were tested as 2.9 cm2 disks. In Table XIV and Fig. 3
are shown the dependence of cell voltage on current density for cells prepared with
30% Teflon but with variable sintering times; eacli point was taken after at least 30

min at the specified voltages.

Table X1V, Curreat Density — Potential Dependence
( 30% Teflon-Bonded Electrodes)

Cell Voltages

2 3 4 5 8 1 8
- - Zero
Sintcring Time 20min 30min 1hr 2hr 30min 2hr 2hr Teflon

Ccll Numbcer

| =

Current Density

mA/cm?
0.4 1.68 1.60 1.64 1.62 1.65 1.60 = S
1 1.52 1.40 1.46 1.48 1.46 1.42 1.42 1.44
2 1.%4 1,22 1.30 1.28 1.22 1.26 1,28 1.10
3 = = - 3 - - 1.23 0.9
4 1.12 1.16 1.20 1.10 0.95 1.18 1.18 -
6 0.86 1.0 <0.8 = unst. - - -
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Fig. 3. Repetitive current-potential curve for Li/TH F/Ni352 cells




Best results were obtaincd with clectrode preparation #1 ( 30% Teflon, sintered
for 30 min). This clectrode exhibited significantly better performance (particularly
at current densities above 1 mA/cmz) than those obscrved for unteflonated elcctrodes.
In the case of the teflonated positives, stable discharges were obtained at current
densities corresponding to a 10-hr discharge rate.

In Table XV are shown the percent utilization of the positive plate for a number
of these cells subjected to extended discharge. The following conclusions can be made:
(1) significant utilizations of active material are possible at 2.5 and 4 mA/cmz, and
(2) the active material is only approximately described as Ni352.

Tablc XV. Positive ’late Utilization

Current Density, % Utilization, % Utilization,
mA/cm? o1V to 0V
2.5 | 18 58
4 37 109
0 95
4 41 69

Having demonstrated the general approach, a few expceriments were 1un in an
attempt to rcduce the Teflon content. In Table XV1 are shown the current potential
dcpendence for one cell containing a positive clectrode with 10% Teflon and sintered
for 2 hr. These voltages are somewhat higher than shown in Table XIV for 30% Teflon
electrodes, which would be consistent with a lower internal resistancc. Obviously,
however, onc run is insufficient to substantiate such a conclusion with any dearec of
confidence,

Since sarisfactory performance was obtained in the short time, this cell was
discharged at 4 mA/cm2 to completion, A utilization of 54% was ohtained to a 1.0V
endpoint; 99% was obtained to 0 V. Thus it would appear that lower Teflon contents
are indeed feasible,

An interesting feature of the Teflon-bonded positives was their ability to pre-
vent 1’\1i352 migration through the cell separator. This failure mode was a frequent
occurrence in cells discharged at high current densities in THI -based electrolytes
{See Table X11). Cell failure by direct shorting had not been observed in the past with

either propylene carbonate or butyrolactone (even when these last electrolytes were

used in cells discharged at high rates).
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Table XV1. Performance of Teflon-Bonded Positive

Voltage, V
Current Density, S e ——
mA/cm?2 10% Teflon 20% Teflon 20% Teflon
0.4 1.74 1.62 1.66
1.56 1.48 1.54
1.42 1.20 1.38
4 1.22 0.40 1.14

For example, a cell using BL as the sulvent yiclded 26% theoretical capacity at
2 mA/cm2. The cell’s voltage decay was gradual and the cell exhibited no anomalous
behavior. Anothcr cell, using THF discharged under the same conditions, failed
abruptly after 44% utilization, Obviously, these results are not directly comparable
sincc the abrupt failure could he associated with the deeper depth of discharge obtained
from the THF cell. However, the depth of discharge does not appear to be of aver-
riding importancc since cells containing THF, discharged at low {e.g., 0.5 mA/cmz)

currcnt densities to approximatcly the same depth of discharge, did not exhibit Ni, S

372

migration and direct shorting,
Why should Ni 352 penetratc the separator? Crystallinc lithium sulfidc has a
density of 1,66 g/cc, crystalline nickel sulfide has a densiry of 5.82 g/cc, and nickel

has a density of 8,90 g/cc. Thus a plate of 1 g of NizS, discharging via:

. .+ - . .
N1352-}4L1 +4 e 2L125 + 3 Ni

would cxpand in volume from 0,17 to 0.31 co* (assuming crystalline materials). The
highcr the current density the faster would be the rate of expansion, 1t would be cx-
pected that the particle size and volume of the precipitated Li25 could depend on
clectrolyte, Thus expansion could be a problem in one system and not another.
Prcsumably the increased celectrode porosity present in the teflonated electrodes com-
pensates for the apparently larger volume of Li25 which is produced in the THF at high

discharge rates.

* As far as total cell volume is concerned; thcre will be some compensation
by a decrecase in volume of the lithium electrode, in the cxample given, this discharge
would result in a volume decreasc of 0,22 cc. The net change then is a pcrcent
increcase of:

0.31 - 0.22 2 2

O_fm_ﬁxm =-§g x 10° = 23%.
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IV. PROPERTIES OF AIR-OXIDIZED Ni382

Oxidation of Ni352 was first investigated by heating = complete Ni352 electrode
in air at 325°C for 15 min. The circular, flat electrode was 0.035 in, thick and had a
b current area of 30 cm2 (1.75 in, in dia). Fig. 4 illustrates two typical room-tempar-
ature discharges carried out in a polyethylene bag cell. At a drain of 0,5 mA/cmz,
the oxidized electrode exhibits two elearly defined plateaus at 1,67V and 1.40 V. The
non-oxidized electrode (pure Nissz) ovhibits only a single plateau at 1.40 V. The high
voltage plateau represents about 40% of the useful capacity of the battery.

As a quick check on the stability of the high voltage material, similar oxidized

electrodes were discharged at different rates (0.5 mA/cm2 and 0.25 mA/cmz). The
ampere-hour capacity on the high voltage plateau was the same in both cases, indica-
ting that the oxidized material is substantially insoluble in the cell electrolytes.

As a first attempt to increase the high voltage capacity, a Ni3S2 electrode was
heated for 4 days at 323°C. Its high voltage rlaicau was identical to the electrode in
Fig, 1, which had been heated for only 13 min. The conclusion is that in air, at 325°C,
the reaction is rapid and probably involves only the surface of the NijS, particles.

The effect of oxidation temperatures up to 500°C is shown in Fig. 5, Dis-
charges at 0.77 mA/ cm2 for oxidation temperatures of 400°C and 500°C are shown,
A similar discharge of a non-oxidized electrode is ziven for comparison. The results
at 400°C are similar in form to those at 325°C (Fig. 4). Approximately 40% (0.54 Ahr)
of total theoretical capacity is obtained on the high voltage plateau. Further increases
in the oxidation temperature resulted in a marked deterioration in electrode perform-
‘ ance. These electrodes (e.g., 500°C) were brittle and easily broken. Undoubtedly,
i this change in gross physical preperties was accompanied by a similar loss in elec-
trode porosity.

In order to avoid interactions between the oxidation step and the electrode
structure, an attempt was made to oxidize the Ni 382 powder prior to fabricating the

electrodes, For these runs, the Niqsz powder was heated on a pyrex watch glass and
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then fabricated into electrodes using the standard pressure of 13, 600 1b. It was found,
however, that electrodes as thin as 0.030 in, could not be prepared due to the low
cohesiveness of the oxidized particles. Thus, electrodes prepared by this method
were formed from =6 g Ni._JS2 instead of the 3.0 g Ni3$2 previously used.

The results obtained by heating the 1\11352 powder at 400°C and 450°C are
shown in Fig. 6. Note that the current density has been reduced by a factor of 2 to
0.4 mA/c:m2 as a result of the high polarizations observed with these electrodes. The
electrode containing powder heated at 400°C exhibits evidence of the same high voltage
plateau observed in previous work with heated electrodes. The overall performance is
quite poor, however. The results from the run at 450°C, although even poorer from
an electrochemical-yield standpoint, are instructive. Although no significant capacity
was obtained above 1 V versus lithium, a stable plateau exists at approximately 0,5 V
versus lithium,

The overall results obrained from these two runs are consistent with the crea-
tion of an insulating powder which would be expected to require more careful attention
to electrode structure before exhibiting respectable cu.. mbic efficiency, The exis-
tence of a stable plateau at =0.5 V was subsequently shown (see Part V) to indicate a
degencration of the Ni 352 material into NiO. Thus, at this stage, the nature of the
high voltage material had not been clarified.

X-ray diffraction paiterns were therefore obtained from samples of NiS,,
powder, both in the "unoxidized" state and after being heated at 325°C for one hour,
The unheated material was found to be predominantly Ni 352 with significant quantities
of Ni.75 & The treated material was dctermined to be a mixture of NiSL09 and Ni,TS &
Thus, oxidation of N1382 appears to result in a shift towards the sulfur-rich nickel
sulfides. Such materials are known to have higher discharge voltages and to yield

higher energy densities than simple Ni,,Sz. For example, the cell reaction;
NiS + 2Li = Ni + Lizs (6)

has a thermodynamic potential of 2.2 V and a theoretical energy density of 514 Whr/lb,
as compared with an observed potential of 1.4 V and a theoretical energy density of
254 Whr/Ib for Ni3SZ.

The presence of some Ni,TS 8 in untreated Ni382 is to be expected from the
ambient temperature oxidation of Nias 9 Freshly prepared Nias 9 shows no evidence
of Ni7S 6 Long term storage of Ni382 in the laboratory results in an casily observable

darkening of the surface of the high surface area particles.
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In an attempt to confirm the X-ray analysis, an electrode comprising commer-
cially available NiS and 20% Al fiber was prepared. The electrode contained 6 g of
NiS, When discharged at 0.4 mA/cmz, a single sloping plateau of low coulombic
capacity from 2.4 to 2.1 V versus lithium was observed. Only 100 mA/hr were
obtained from this electrode. Huwever, discharge of an oxidized electrode composed
of equal amounts of commercial NiS and Ni352 did not exhibit a plateau above 2V, On

the contrary, electrcde performance was poorer than that observed from oxidized
electrodes containing no NiS.

it o o i e

Thus, experimental confirmation of the X-ray analysis could not be ohtained.
Whether this failure arose from the use of NiS instead of NiS1 go cannot be stated

with certainty, since the experimental results are confounded by unavoidable
alternations to the rnicrostructure of the test electrodes, This difficulry is clearly
evident in the comparison of the discharge of commeccial NiS (a significant plateau
\ above 2 V) ana the 50/50 mixture of NiS and Ni352 (no plateau above 2 V}. Better

:- defined starting materials will be required to elucidate the electrochemical behavior
4 of the alternative nickel sulfides,
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V. ALTERNATIVE POSITIVE MATERIALS

Although, as described in Section 11, the high ratc and, prcsumably, the low
tempe.rature performance of the Ni 382 system are considerably improved through thc
usc of a lcss viscous THiY electrolyte, it is clear that the principal performance
limitation lies in the basic discharge behavior of N1382 in the specific electrolyte
chosen. Despite the fact that there are pbvicusly some rate limitations irherent in
thc mass transport properties of the electrolyte solvent, the best rates obtained with
improvcd Ni382 electrode structures are still lowcr than those obtainable with
alternative positive materials,

The relatively limited rate capabi]itf of Ni382 is currently presumced to be
determined hy its extremely low solubility in aprotic solvents, Sincc it is precisely
this latter property which contributes to the Li/Ni382 system's outstanding shelf life,
it will be necessary to accept some deterioration in standby pcrformance if high rate
performance is to be improved. The extent to which ccll performance is limited by the
formation of Lizs on the Ni 382 has not been investigated in detail. Characterization of
thie passivating film and the use of approaclies based on the creation of a porous coating
should he considered in further work.

Thus, the work described in this section represents a shift in emphasis from
electrolyte studies to an investigation of elcctrode materials. Three classcs of inor-
ganic positives were screencd for usc as cathodes in high ratc non- aqueous systems:
(1) metallic oxides, (2) metallic carbonates, and (3) mctallic cyanides. The comi-
pounds werc first evaluated on the hasis of thermodynamic feasibility (c.g., ccll
voltage and equivalent weight), This preliminary work was followcd by a rapid
screening program using small, non-ogptimized electrodies in excess electrolyte

(PC/LiClO4). Some of the more promising materials werc also evaluated in full ccll

tests to check on negative/positive compatability and solubility characteristics,
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A. Half-Cell Screening

The data obtained for all tested materials is contained in Table XVI1I. Dis-
charge curves fcr the oxides, carbonates, and cyanides are presented in Figs. 7, 8,
and 9, respectively, Elec:irochemical performance was determined in a standard
three compartment cell usivg a lithium counter ~slectrode and a lithium reference elec-
trode. The positive electrode materials { reagent grade and mixed with ~20% Al bindcr)
wer€ pressed on a nickel screen of approximately 1 c:m2 area. Inthe case of hydrated
materials, the reagents were dried under inert ssas. The electrolyte in all cases was

1M LiClO4 in PC. All discharges were at 1 mA constant current.

1. Metallic oxides

For the materials tested, energy densities ranged from 297 Whr/Ib for
CdO to 711 Whr/Ib for a 4 electron reduction of MnOz. Only Zn0O, CuO, and NiQO
exhibited sigrificant capacity when discharged in PC/LiClO 4 Coulornbic utilizations
obtained from NiO and Zn0O werc quite high, although in both cases the elcctrode

potential was much lower than that predicted by a reaction of the type:
MO + 2Li - LiZO + M {n

Reducing the current drain did noc significantly increase the discharge potential, Tn
the case of Zn0, reducing thc discharge rate by a factor of 20 to 0.05 mA increased
the potential by only 50 mV. In spite of the lack of correspondence to thermodynamic
value, the reduction of the ZnO to metallic zinc was confirmed visually.

In order to ascertain the effect of electrode structure on the discharge of NiO,
a brief full cell testing program was performed. High surface area NiO was prepared
by the thermal decomposition (= 350°C) of hydrated NiN03. Lirhium doping (to
improve the conductivity) of the NiO was accomplished by dissolving NiNO3 in water
and adding the required amount of LiNO3 solution. The excess water was evaporated
to form a stiff paste which was then transferred to a tube furnace for decomposition
under inert gas.

The results obtained from these larger NiO electrodes were disappointing
Although stable plateaus werc again found to exist at 0.5 to 0.6 V versus lithium
these plateaus were fairly insensitive to electrode modifications which would be
cxpected o improve conductivity. Polarization wag high even at the iowest drain
races. Thus, it was concluded that discharge of NiO in LiClC 4/PC electrolytes is

limited by the discharge belavior of electrode matcrial rather than by structural
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problems arising from the fabrication of electrodes from an insulating material,
Table XVIIl summarizes some ofthe results obtained, The principal variables
were compaction pressure (porosity), guantity of aluminum birder, and quantity of
lithium dopant. Plateau voltages were taken as a measure of performance, Coulombic
capacities were not determined in view of the high polarization. All electrodes con-

tained 6 g NiO and were discharged in polyethylene bag cells.

Table XVIII, Plateau Voltages of NiO Electrodes in PC/LiCl0O 4

Current Compaction
Density, Pressure Al Li Platcau
(mA/cm®) (psi) (%) (%) Voltage
0.04 13, 600 ] 0 0.50
0.40 13, 600 40 2 0.60
0.40 13, 600 20 2 0.50
0.40 13, 600 20 4 0.45
0.40 100, 000 20 2 0.45

Although CuQ exhibited a well-defined discharge plateau or 1,27V versus Li/Li+
(Fig. 4), its potential was also significantly below the thermodynamic value of 2,22 V.
In general, the results observed indicate that the discharge of the metallic oxides does

not proceed directly as written in reaction (7).

2. Mertallic carbonates

Reasonable coulombic capacities were obtained from NiCOB, COC(")3
and basic cupric carbonate (CuCO3 Cu( OH)Z)' Although the open circuit values for
the cell voltages were comparable to the thermodynamic values, polarizations were
again high during discharge. Unlike the oxides, the carbonates exhibited sloping
plateaus, suggesting a relatively complex discharge process. These materials were

not considered further.

3. Metallic cyanides

Of the 6 cyanides tested, only AgCN and CuCN exhibited reasonable
coulombic utilizations and practieal cell voltages. Ni(CN)Z, while possessing the

most attractive energy density, was electrochemically inactive. In some respects

the cyanides are analogous to the chloride materials currently used in high rate




primary lithium cells. At this point, however, it was hoped that although the cyanides
possess significantdy lower energy densities than the corresponding chlorides, viz.
502 Whr/1b for CuClz, their solubility problems would be more manageable,

In the case of CuCN, preliminary exploration of this area was encouraging.

As shown in Fig, 10, successive half-cell discharges of several CuCN electrodes over
a rangc of current densities indicated comparable utilizations of 50 to 60%. These
studies wcre supplcmented by the discharge of a CuCN electrode which was storcd in
an excess of elcctrolyte for 48 hr prior to discharge. As can be seen in Fig. 7, no
capacity loss due to CuCN dissolution was observed.

During these studies, 6 CUCN electrodes were discharged in the same electro-
lyte. Midway in the test regime, dark colloidal particles were seen floating off the
positives. This material settled out on the bottom of the cell. However, the effect
was not observed for all electrodcs that were discharged.

In the case of AgCN, successive half-cell discharges analogous to those per-
formed for CuCN indicated that electrode pertormance deteriorated rapidly as the
result of successive discharges in the same electrolyte. Typically, thc second
clectrode tested yiclded less than 30% of the capacity of the first electrode discharged
in the clectrolvte, Accordingly, full-cell testing of the cyanide ¢lectrodes empha-
sized CuCN

B. Full-Cell Testing of CuCN Electrodes

In ordcr to cvaluatc possible solubility probleins arising from its discharge
proclucts, CuCN clectrodes were prepared and assembled into polyethylenc bag cells
identical to thosc used previously, The electrolyte was PC/LiClO4. The CuCN elec-
trodes contained 6 g of active material (1.8 Ahr) and were 1.75 in. in diamcter, All
discharges were at 1 mA/cm2 (30 mA).

Initially, the electrodes wcrc constructcd by admixing 20% Al with the CuCN.
The mix was then pressed on an aluiminum expanded mctal grid with a spot-wclded
aluminum tab., Discharge of these clectrodes resultcd in failure after 1 10 2 hr. Post-
mortem of the cells showed penctration of the cell scparator hy coppcr mctal, The
lithiuin negatives were heavily contaminated with copper. In addition, hcavy corrosion
of the aluminum tab/grid asscmbly was noted, prcsuma. v duc to displacement of the
aluminum by coppcr prescnt in the solution.

Aftcr thesc initial failurcs, copper matcrials were substituted for the alumi-

num in the positive elcctrode, tlcre again, the cclls failed via copper deposition aftcr
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only 1 to 2 hr. Attempts were then made to saturate the electrolyte with cyanide ion
in order to depress the obviously high solubility of CuCN. The electrolyte from a
failed cell was filtered to remove suspended copper and copper cyanide particles and
then used in a new cell constructed with fresh clectrodes. No improvement was noted,
even after this replacement cycle was repeated three times with the same electrolyte.
It was thus concluded that the high solubility of CuCN results from a complexa-
tion mechanism analogous to that present in the discharge of chloride containing
cathodes, Although the solubility of CuCN in PC/LiC10O 4 is apparently quite low (see
Fig. 7}, formation of the soluble higher cyanides apparently occurs during discharge

of the electrodes in relativel; limited quantitizs of electrolyte,

Since CuCN possesses a less attractive energy density than CuCl,, further
study of the material was not performed.




APPENDIX A

SYNTHESIS AND CHARACTERIZATION OF BULK Ni352

An alloy of Ni-37 atomic % S was synthesized using pieces of high purity Ni
wire and 99,999% sultur powder. An earlier alloy of stoichiometric composition had
been synthesized using high purity Ni powder. This alloy apparently showed evidence
of the Ni,,S6 compound, which was undesirable, It also had a oxide content which
apparently resulted from the oxygen on the surface of the Ni powdar.

The Ni wire was first pickled in a HNO3-H20 acid bath (50:50), washed
thoroughly, soaked in acevone, and dried. After weighing the elements, the charge
was placed in a thick-walled quartz ampoule, evacuated to b X 10-6 torr, and sealed
off.

The ampoule was placed into a horizontal furnace at a low temperature
(approximately 200°C). After the sulfur was molten, the ampoule was rotated for a
short period to cnsure that the molten sulfur was thoroughly wetting the Ni wire, The
furnace was turned up to 500°C for a 24-hr period and then to 600°C for another day
prior to actual melting, This was done in order to get the suclfur well infiltrated into
the Ni wire,

The furnace was then turned up to 875°C to melt the alloy and allowed to
rcmain at that temperaturc overnight. The ampoule was removed quickly from the
furnace and positioned vertically in order that the molten alloy would cast as a solid
rod, In order to further consolidate the alloy, the sample was remelted with the
ampoule in a vertical position using an oxyacetylene torch.

The cast ingot of Ni-37 S was removed from the ampoule. A small piece from
the top of the casting was broken off for X-ray diffraction analysis; the remainder of
the rod was sealed off again in an cvacuated Pyrex ampoule and heat-treated at 475°C

for 5 days to ensure the low-temperature Ni 352 polymorph (transition temperature =

530°C for this alloy composition).

____________




X-ray diffraction analyses of both the as-melted and heat-treated portions of
the Ni-37 S ingot showed the presence of the low temperature hexagonal form of
Ni 352, as well as some excess Ni. Since the low temperature form is the equilibx;ium
structure of the compound and the high temperature polymorph is not quenchable,
the heat-treatment of any further Ni 382 ingots is not necessary after casting, unless
recrystallization or grain growth is desired.

A metallographic cross section of the heat-treated Ni-37 S alloy is shown in
Fig. A-1. The major portion of the alloy is Ni382. The small white islands are the
Ni solid solution phase; some porosity is also evident in the microstructure.

In a subsequent preparation, another alloy with the composition Ni-39
atomic % S was synthesized according to the same technique as described above, As
a final step to this synthesis, the cast alloy was placed in a vertical furnace, re-
melted to 375°C, and then lowered at approximately 0.5 cm/hr into a cooler furnace
zone below the solidus temperature of the alloy. This is a modification of the
Bridgman technique for single crystal grow:h and was done with the intenticn of
removing porosity and gas inclusions from the ingot. From initial inspection, the
results did not appear to be successful for this run. Preliminary X-ray diffraction
results again iudicated the presence of hexagonal Ni 382 with a good probabiliry of

some excess Ni,

G, Kullerud and R. A. Yund, "The Ni-S Sysiem and Related Minerals, "
J. Petrology, 3 (1962) 126-175.
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